the Coulter principle was developed in 1953 (Coulter, 1953) . This principle was used in the first demonstration of cell sorting in 1965 (Fulwyler, 1965) . The first commercial fluorescence-based flow cytometry device (ICP 11, Partec, Germany) reached the market in 1969. Fluorescence Activated Cell Sorter (FACS) was developed by Leonard A. Herzenberg (Herzenberg et al., 1976) and firstly commercialized by Becton Dickinson (BD, USA) in 1974.
In 1977, the first multi-parametric cell counting method using monoclonal antibodies (Loken et al., 1977) , which was called a two-color immunofluorescence method, was developed by Leonard A. Herzenberg and his colleagues. Subsequently, they described a three-color immunofluorescence detection system in 1984 (Parks et al., 1984) and this was beginning of the multicolor world of flow cytometry.
In 1934
Moldovan described the first flow cytometer (Moldavan, 1934) In 1947 The photoelectric counter was developed (Gucker Jr et al., 1947) The first working flow cytometer
In 1953 Development of the concept of hydrodynamic focusing (Crosland-Taylor, 1953) The first impedance-based flow cytometry device (The coulter counter) (Coulter, 1953) In 1965 The coulter principle was used in the first demonstration of cell sorting (Fulwyler, 1965) In 1969 The first commercial fluorescence-based flow cytometry device was developed (ICP 11, Partec, Germany) In 1974 The Fluorescence Activated Cell Sorter (FACS) was developed by Leonard Herzenberg and first commercialized by Becton Dickinson (BD) (Herzenberg et al., 1976) In 1977 Two-color immunofluorescence using monoclonal antibodies and FACS was demonstrated (Loken et al., 1977) The fluorescent antibody technique (immunofluorescence) developed by Albert Coons (Coons et al., 1941) , who labeled antibodies with fluorescein isothiocyanate (FITC)
In 1984 Three-color analysis: beginning the multicolor world of flow cytometry (Parks et al., 1984) Robert Murphy developed FCS 1.0 file standard (Murphy et al., 1984) Table 1. Important developments in flow cytometry and multicolor immunofluorescence
The ability to simultaneously measure multiple parameters is the most powerful aspect of flow cytometers and enables a wide range of applications, including clinical applications and research applications. Recently, flow cytometers are the most commonly used automated cell counting and sorting devices for analyzing particles, beads or cells suspended in a fluid stream (Laerum et al., 1981 , Shapiro, 1983 . It has been widely applied in multi-parametric studies on the physical and/or chemical characteristics of cells, leukocyte differentiation for cell based diagnostics, and immunoreaction based on micro beads (Brando et al., 2000 , HOUWEN, 2001 . These applications require multi-parametric information from multiple cytometers or a single cytometer equipped with multiple photomultiplier tubes (PMTs) to simultaneously detect target samples tagged with fluorescent dyes having different emission wavelengths , Glencross et al., 2002 , Janossy et al., 2003 (Cottingham, 2005) and new methods to measure even more parameters have been suggested (Darzynkiewicz et al., 1999 , Perfetto et al., 2004 , Kapoor et al., 2007 . Such developments can significantly enhance the reliability of cell based diagnostics and even make it possible to develop new diagnostic methods using the information given by the additionally acquired parameters.
Similarly, in parallel to developing the high performance flow cytometers requiring multiparameter detection capabilities, portable flow cytometers have been recognized as an important tool for particular applications such as HIV/AIDS screening in developing countries and regions with limited medical facilities and resources (Cohen, 2004 , Bonetta, 2005 , Lee et al., 2010 . Several foundations have provided support to ensure sustainable access to CD4 + T-cell testing for developing countries and many researchers have made effort to develop CLIA (Clinical Laboratory Improvement Amendments)-waived flow cytometry or POC (Point-of-care) cell counting method. com, bd.com, guavatechnologies.com, Samsung.com, ibm.com) Since the invention of the first computer (EDVAC, 1952) , there are two trends in history of development of computers: super computers for high performance and personal computers for mobility. In the same manner, flow cytometers will have been developing in two types: high performance flow cytometers for multi-parametric cellular analysis and inexpensive portable flow cytometers for point-of-care applications.
Multiplexed cell-counting methods in this chapter could be applied to both of high performance applications for measurement of multiple parameters on cells and point-of-care applications by using portable flow cytometers. The ability of these intensity-based cell counting methods to simultaneously measure multiple parameters by using single detector enables us to increase the number of detectable parameters per detector without fluorescence compensation. Therefore, conventional flow cytometers can detect more parameters without increase of detectors and portable flow cytometers can minimize the number of detectors. (Loken et al., 1977 , Ledbetter et al., 1980 . Basically, the immunofluorescence uses the Stokes shift which is a fluorescence difference between a peak excitation and emission wavelengths of the same electronic transition. As shown in Fig. 2 , the peak excitation and emission wavelength of FITC is approximately 495nm and 520nm, respectively. Therefore, the Stokes shift of FITC, which is the most common used fluorescence dye in 1-color immunofluorescence, is 25nm. By using a 488nm excitation light source, an optical bandwidth filter (530nm ± 20nm), and a detector (PMTs), we can detect and count a desired marker in cells or biological samples.
Multicolor flow cytometry
Desirable fluorescence dyes for flow cytometry have several properties as follows: 1. they have biologically inertness, which means that they do not affect cells and bind directly to cellular elements; 2. are easily conjugated to monoclonal antibodies; 3. have an emission spectrum overlap as little as possible with cellular autofluorescence, which is natural fluorescence of some molecules in cells (Monici, 2005) ; 4. have a high cell-associated fluorescence intensity. The high fluorescence intensity enables us to distinguish positively immunofluorescence stained cells from unstained cells. The high fluorescent brightness results from fluorescence dyes with the following characteristics: 1. a high the molar absorptivity; 2. a high quantum yield; 3. the low autofluorescence; 4. a high sensitivity detector; and 5. the ability to conjugate multiple fluorescence dyes to each detecting site (Baumgarth et al., 2000) .
The intensity of fluorescent dyes can be calculated by simple equations and appropriate assumptions. Fluorescent intensity could be written as (Walker, 1987) () ()
where I is the measured fluorescence intensity at time point z along the excitation beam path, Ie is the intensity of the excitation light beam at point z, A is the fraction of fluorescence light collected, Ф is the quantum efficiency, L is the length of the sampling volume along the path of the excitation beam, ε is the molar absorptivity, and C is the molar concentration of the fluorescence dye.
Fluorescent dyes Absorbance maximum
Fluorescence emission Table 2 . The brightness of the most common used fluorescence dyes
Two-color immunofluorescence and fluorescence dyes
Two-color immunofluorescence for two-parameter detection requires two fluorescence dyes having different emission spectra but similar excitation spectra, such as FITC and RPhycoerythrin (R-PE). This method can be used to measure two cell populations at the same time by labeling the green florescent dye to one cell type and the red fluorescent dye to another cell type with two fluorescent detectors and a single excitation light source. To count CD4 + T-cells (T-helper cells) and CD45 + (leukocytes) cells which are subsets of Two-color immunofluorescence utilizes a difference in the Stokes shift between two fluorescence dyes having similar excitation spectra. Therefore, we can count two different types of cells with one laser source and two PMTs. Fig. 3 shows an example of simultaneous two-parameter detection by using FITC and R-PE. The peak excitation wavelength of FITC and R-PE is 490 nm and 494 nm, respectively. 518 nm and 578 nm is the peak emission wavelength of FITC and R-PE, respectively. The optical measurement system consists of one blue laser (488 nm), one emission filter for a FITC detection (FL1, 530 ± 20 nm), and another emission filter for a R-PE detection (FL2, 575 ± 20 nm) positioned in front of each PMTs. (Masur et al., 2002) . However, lymphocyte subsets (including CD4 + T-cells) of infants and young children are higher than those of adults, therefore the ratio of CD4 + T-cells to other blood cells, i.e., CD4/CD45%, CD4/CD8% or CD4/CD3%, is a more reliable indicator of HIV infection than absolute CD4 + T-cell counts (Shearer et al., 2003 , Organization, 2006 . In general, to quantify the percentage of CD4 + T-cells, two fluorescent dyes with different emission wavelengths should be assigned to each of the desired blood cell types and analyzed by a flow cytometer equipped with two PMTs. Recently, new alternative methods for affordable CD4 + T-cell counting using microfluidic devices and label-free CD4 + T-cell counting methods were proposed for resource-poor settings (Rodriguez et al., 2005 , Cheng et al., 2007 , Ateya et al., 2008 . . An example of successful dye combination for multi-color analysis (11 colors) adapted from (Baumgarth et al., 2000) . Currently, violet and green excitation light sources are provided by 405-nm violet diodes and 532-nm green solid state lasers, respectively. each other (Baumgarth et al., 2000) . The inherent overlap of emission spectra from antibody fluorescent labels makes compensation necessary. This is of particular importance when you attempt to make simultaneous immunofluorescence measurements from several cell-bound antibodies. To eliminate an error due to the overlap in the detected fluorescent signals from adjacent emission wavelengths, we should have additional compensation procedures before each flow cytometry test (Tung et al., 2004) .
For flow cytometry analysis of two-parameter detection, the most common combinations of fluorescent dyes are FITC and R-PE. This is because both FITC and R-PE could be excited by a single light source such as a 488 nm blue laser but resulting in different emission spectra. However, because most fluorescent dyes do not have a sharp emission peak, the inherent overlap of emission spectra from these fluorescent labels makes compensation a necessity. In the case of FITC and R-PE in Fig. 6 , spectral overlap between FITC and PE produces signals that are detected by both the FL1 and FL2 detectors. Therefore, the amount of FITC fluorescent signals being detected by the R-PE detection channel (FL2) and the amount of R-PE fluorescent signals being detected by FITC detection channel (FL1) should be compensated and eliminated. For example, to obtain pure R-PE signals, the amount of spectral overlap can be corrected by subtracting a percentage of FITC signals from the total signal generated by the R-PE detection channel. Therefore, to make simultaneous measurements of multiple immune cell subsets, this compensation procedure should be performed before testing samples. Fig. 7 shows a successful combination of fluorescence dyes for multi-color (11-color) flow cytometry excited by three different laser lines.
Intensity-based multiplexed cell-counting methods

Conventional intensity-based cell-counting methods
Cell counting methods by using differences in fluorescence intensities with a single detector (a single fluorescent detection channel) have been applied to some applications such as an apoptosis measurement (Darzynkiewicz et al., 1992 , Schmid et al., 2007 , a bead-based absolute cell counting method (Dieye et al., 2005) , a cell cycle assay based on measurement of DNA contents in a cell, or counting two specific subsets of cells having same kinds of binding sites but different number of binding sites. For example, CD4 + T-cells and monocytes, which are subsets of leukocytes, have same CD4 epitopes but different averages of 47,000 and 6,500 binding sites per cell, respectively. (Mandy et al., 1997 , Denny et al., 1996 , Bikoue et al., 1996 . In 1986, Fluorescence-intensity multiplexing methods for counting different types of cell populations using dilution of fluorophores labeled reagents with unlabeled antibodies were presented (Bradford et al., 2004 , Horan et al., 1986 . This study has a significant impact in multi-parametric cytometry because the method can increase the number of parameter per detector without increase of additional detectors and the compensation procedure.
Multiplexed cell-counting method using silica nanoparticles
Several types of nanoparticles such as quantum dots (QDs) (Smith et al., 2006) , gold nanoparticles (Daniel et al., 2004) , and dye-dope SiNPs (Yan et al., 2007 , Burns et al., 2006 have been demonstrated as versatile labeling reagents for bioimaging (Sharma et al., 2006) and biosensing (Yan et al., 2007) . Among them, dye-doped SiNPs provide features such as high fluorescent intensity (Ow et al., 2005) , excellent photostability , and ease of surface modification for bioconjugation (Qhobosheane et al., 2001) . Using dye-doped SiNPs showing 10-and 100-fold increased detection sensitivity in flow cytometry analysis compared to standard methods, Tan et al. have suggested a flow cytometry based cancer cell detection method when the probes have relatively weak affinities or when the receptors are expressed in low concentration on the target cell surfaces (Estevez et al., 2009 ). The higher brightness of dye-doped SiNPs was the main reason we adopted this nanoparticle for a proposed fluorescent intensity-based multi-cell counting method. Based on an intensity difference between fluorescent dye-doped SiNPs and conventional fluorescence dyes, the multi-parameter detection method using a single detector with flow cytometry was evaluated by carrying out simultaneous counting of CD4 + T-cells and CD45 + cells.
Fluorescent dyes are classified by size. Among them, small molecule fluorescence dyes such as FITC, Cy5, and Alexa dyes could be doped to directly nanoparticles to obtain brighter fluorescent dyes complexes while maintaining a same excitation and emission spectra. On the other hand, fluorescent proteins such as R-PE, allophycocyanin (APC) cannot be directly 
where n is the number of fluorophores on a single silica nanoparticle. For example, the number of FITC molecules on a single nanoparticle (n) can be calculated theoretically as following Table 2 . The majority of fluorescent dyes have a nonspherical shape. Fluorescein (FITC) is also a nonspherical solute with sizes of 0.47, 0.81, and 1.09 nm in different directions (Cvetkovic et al., 2005) . Therefore, the size of fluorescent dye should be determined by using the appreciate method. The stokes radius (Deen, 1987) 0.44 nm 40,568 5,795
The density of dyes (1kDa/1nm3) 0.9 nm 9696 1,385
The equivalent spherical diameter (Jennings et al., 1988 , Cvetkovic et al., 2005 0.7 nm 16,028 2,289
The maximum size 1.1 nm 6490 927 Table 3 . Theoretical calculation of brightness of FITC-doped SiNPs Table 3 shows the sizes (ranging from 0.44 nm to 1.1 nm) of a single FITC molecule with different methods. Therefore, the number of FITC molecule per a single nanoparticle is theoretically from 6490 to 40,568 and the relative intensity of FITC-doped SiNPs in FITC conjugated IgG is from 927 to 2,289. This theoretical value of the intensity deference is higher than experimental results from previous studies (Lian et al., 2004 , Ow et al., 2005 , Estevez et al., 2009 , Yun et al., 2010 . These results demonstrated dye-doped SiNPs is 10-100 times brighter than their constituent fluorophore. The reason for this relatively low intensity from the theoretical calculation is because fluorescent dyes were lost during the synthesis of dyes-doped SiNPs or photobleached . When considering these factors, the above equation of fluorescence intensity (2) is written as follows.
[ ]
Where P is the factor of photobleaching ranging from 0 to 1 and L is the factor of the fraction of remaining dyes ranging from 0 to 1. Accordingly, the intensity of small fluorophores doped SiNPs relative to a fluorescent protein can be defined as 
If I relative ≥ 100 or I relative ≤ 0.01, the intensity based cell-counting method using the intensity difference between small fluorophore doped SiNPs and fluorescent protein can be applied. For example, when using Propidium Iodide (PI, ε=5900/M/Cm and Ф=0.09) in combination with R-PE, Equation 4 could be transformed and simplified as 15,000/nPL approximately. Therefore, at conditions of no photobleaching (P=1) and no loss during the synthesis (L=1), less than 150 or more than 1,500,000 PI molecules need to dope SiNPs to analyze the two parameters using R-PE conjugated antibodies and PI-doped SiNPs. Fig. 10 shows a concept of simultaneous counting of two subsets of leukocytes by using a combination of FITC-doped silica nanoparticles and FITC molecules. Although this study showed good correlation between the proposed method and a conventional method (R = 0.936, R 2 = 0.876), regression analysis from these results is not sufficient yet for the developed method to replace the conventional method in clinical setting. Some technical issues, such as nonspecific binding of silica nanoparticles, should be resolved. Fig. 10 . An example of multiplexed cell counting using silica nanoparticles. This method utilized a dye combination of FITC and FITC-doped SiNPs instead of R-PE (Yun et al., 2010) . Actually, CD4 + cells are labeled with both FITC and FITC-doped SiNPs because CD4 + cells are subset of CD45 + cells
Multiplexed cell-counting method using quantum dots
Instead of the method by using much brighter fluorescence dyes such as FITC-doped silica nanoparticles, a method by using much darker dyes than general fluorophores can be applied to the multiplexed cell counting. Fig. 11 shows this counting concept. The proposed method also enables simultaneous counting of two subsets of leukocytes using a single detector by using quantum dots 605 (QDs 605) instead of FITC dyes in the conventional method. A combination of Q-dots 605 and R-Phycoerythrin (R-PE) can be used for making a Fig. 11 . An example of multiplexed cell counting using quantum dots. By using a complex of Q-dot 605 conjugated CD45 + cells and R-PE conjugated CD4+ T-cells with a specific emission filter (from 564 to 606 nm), we can simultaneously count two different cell types (CD45 + and CD4+ T-cells ) in a single fluorescent channel. Actually, CD4 + cells are labeled with both Q-dot 605 and R-PE because CD4 + cells are subset of CD45 + cells similar effect in the multiplexed counting method with dye-doped silica nanoparticles. Q-dots 605 and R-PE have similar fluorescence intensity with a wide band width filter. However, by using a specific emission filter (from 564 to 606 nm), Q-dots 605 conjugated antibodies were detected as 10-100 times darker than R-PE conjugated antibodies.
Conclusion
Conventional flow cytometry requires multiple detectors for simultaneous identification of multiple subsets of immune cells because this method measures a single fluorescence dyes conjugated antibody per detector (PMTs). The ultimate goal of multiplexed cell-counting methods is to increase detectable parameters per fluorescence channel. These methods enable us to simultaneously measure multiple types of samples using a single detector without a troublesome fluorescence compensation procedure. In order to use the intensitybased counting in various fluorescent fields, this chapter suggests feasible combinations of fluorescence dyes and theoretical analysis to quantify an intensity difference between combinations. The combinations are classified into three groups; 1) fluorophores and fluorophore-doped silica nanoparticles which have same excitation and emission wavelengths; 2) fluorescent proteins and fluorophore-doped silica nanoparticles which have similar excitation and emission wavelengths; 3) combinations of fluorescence dyes such as quantum dots 605 and R-PE, which have different excitation and emission wavelengths. Multiplexed cell-counting methods in this chapter can be applied to both high performance flow cytometers for measurement of multiple parameters on cells and inexpensive portable flow cytometers. By using the ability of these intensity-based cell counting methods, conventional flow cytometers can detect more parameters without increase of detectors and portable flow cytometers can minimize the number of detectors. This study can be the building block for a more powerful and truly portable flow cytometer for various clinical cytometry applications.
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